Monocular deprivation produces an imbalance in visual drive from the two eyes, which in adult macaque VI leads to marked changes in the neurochemistry of GABA interneurons. Such changes were further examined by studying immunoreactivity for calbindih, calretinin, and parvalbumin, three calcium-binding proteins that mark distinct subpopulations of GABA neurons, in macaques that had been monocularly deprived by intravitreal injection of tetrddotoxin. Deprivation for 5 d or longer produced a reversal in the normal pattern of calbindin immunostaining in layer III, from one in which intense neuronal immunostaining surrounded the cytochrome oxidase-rich puffs to one in which it occupied the puffs. Over the same period, calbindin immunostaining in other layers was reduced across the entire width of deprived-eye columns of extended into flanking regions of normal-eye columns. In contrast reduction in parvalbumin immunostaining occurred only in deprived-eye columns and included only terminals with short periods of deprivation (up to 17 d) but both terminals and somata with longer periods. No change in calretinin immunoreactivity was observed. These findings demonstrate that GABA neurons of macaque VI vary in their response to monocular deprivation according to their neurochemistry and position, suggesting that the weight of inputs from the two eyes and the intrinsic characteristics of each GABA population determine how a neuron responds to a change in visual input Neuronal activity plays an essential role in the development and maintenance of ocular dominance (Hubel et al., 1977; LeVay et al., 1980). During a critical period in the development of the visual system, ocular dominance columns are formed primarily through the competitive interaction between visual inputs from the two eyes (Chapman et al., 1986; Stryker and Harris, 1986). Monocular deprivation leads to an imbalance in this interaction, with a resulting physiological and anatomical expansion of ocular dominance columns driven by the normal eye and a shrinkage of columns driven by the deprived eye (Hubel et al., 1977; LeVay et al., 1980). In adults, where connections are more stable, each cell might be differentially influenced by monocular deprivation, depending on the normal balance of connections it indirectly receives from both eyes. Previous studies examining neurochemical changes in adult macaque VI support this hypothesis. In layer IVC where virtually all cells are monocular, neurochemical changes are predominantly limited to one set of columns, those corresponding to the deprived eye (Graybiel and Ragsdale, 1982; Horton, 1984; Wong-Riley and Carroll, 1984; Hendry and Kennedy, 1986;Hendry and Jones, 1986,1988;Hendry et al., 1988Hendry et al., , 1990 Benson et al., 1991; Aoki et al., 1993; Chaudhuri and Cynader, 1993; Benson et al., 1994; Bliimcke et al., 1994; Carder and Hendry, 1994; Hendry et al., 1994). Above and below layer IVC, where a large portion of the cells are binocular, neurochemical changes are more variable, often extending to both sets of columns (Hendry and Jones, 1988; Hendry et al., 1988 Hendry et al., ,1990 Trusk et al., 1990; Carder and Hendry, 1994). Such changes have been documented for GABA neurons, the principal mediators of intracortical inhibition. Specifically, in layer IVC only neurons in deprived-eye columns respond to loss of visual drive in adulthood by displaying reduced levels of immunoreactivity for GABA, and its synthesizing enzyme, glutamate decarboxylase (GAD), while in the supragranular layers reductions in GABA and GAD are evident in both sets of columns (Hendry and Jones, 1986; 1988).
Monocular deprivation produces an imbalance in visual drive from the two eyes, which in adult macaque VI leads to marked changes in the neurochemistry of GABA interneurons. Such changes were further examined by studying immunoreactivity for calbindih, calretinin, and parvalbumin, three calcium-binding proteins that mark distinct subpopulations of GABA neurons, in macaques that had been monocularly deprived by intravitreal injection of tetrddotoxin. Deprivation for 5 d or longer produced a reversal in the normal pattern of calbindin immunostaining in layer III, from one in which intense neuronal immunostaining surrounded the cytochrome oxidase-rich puffs to one in which it occupied the puffs. Over the same period, calbindin immunostaining in other layers was reduced across the entire width of deprived-eye columns of extended into flanking regions of normal-eye columns. In contrast reduction in parvalbumin immunostaining occurred only in deprived-eye columns and included only terminals with short periods of deprivation (up to 17 d) but both terminals and somata with longer periods. No change in calretinin immunoreactivity was observed. These findings demonstrate that GABA neurons of macaque VI vary in their response to monocular deprivation according to their neurochemistry and position, suggesting that the weight of inputs from the two eyes and the intrinsic characteristics of each GABA population determine how a neuron responds to a change in visual input Neuronal activity plays an essential role in the development and maintenance of ocular dominance (Hubel et al., 1977; LeVay et al., 1980) . During a critical period in the development of the visual system, ocular dominance columns are formed primarily through the competitive interaction between visual inputs from the two eyes (Chapman et al., 1986; Stryker and Harris, 1986) . Monocular deprivation leads to an imbalance in this interaction, with a resulting physiological and anatomical expansion of ocular dominance columns driven by the normal eye and a shrinkage of columns driven by the deprived eye (Hubel et al., 1977; LeVay et al., 1980) . In adults, where connections are more stable, each cell might be differentially influenced by monocular deprivation, depending on the normal balance of connections it indirectly receives from both eyes. Previous studies examining neurochemical changes in adult macaque VI support this hypothesis. In layer IVC where virtually all cells are monocular, neurochemical changes are predominantly limited to one set of columns, those corresponding to the deprived eye (Graybiel and Ragsdale, 1982; Horton, 1984; Wong-Riley and Carroll, 1984; Hendry and Kennedy, 1986; Hendry and Jones, 1986,1988; Hendry et al., 1988 Hendry et al., , 1990 Benson et al., 1991; Aoki et al., 1993; Chaudhuri and Cynader, 1993; Benson et al., 1994; Bliimcke et al., 1994; Carder and Hendry, 1994; Hendry et al., 1994) . Above and below layer IVC, where a large portion of the cells are binocular, neurochemical changes are more variable, often extending to both sets of columns (Hendry and Jones, 1988; Hendry et al., 1988 Hendry et al., ,1990 Trusk et al., 1990; Carder and Hendry, 1994) . Such changes have been documented for GABA neurons, the principal mediators of intracortical inhibition. Specifically, in layer IVC only neurons in deprived-eye columns respond to loss of visual drive in adulthood by displaying reduced levels of immunoreactivity for GABA, and its synthesizing enzyme, glutamate decarboxylase (GAD), while in the supragranular layers reductions in GABA and GAD are evident in both sets of columns (Hendry and Jones, 1986; 1988) .
To further study the effects of monocular deprivation on GABA neurons, we examined changes in immunoreactivity for the calcium-binding proteins-parvalbumin, calbindin, and cairetinin. The three proteins form largely nonoverlappirig GABA subpopulations (Hendry et al., 1989; Van Brederode et al., 1990) , which together occupy all layers and compartments in monkey VI (Bliimcke et al., 1990; Van Brederode et al., 1990; Hendry and Carder, 1992) . Since retinal manipulations alter calcium-binding protein immunoreactivity in other regions of the macaque visual system (Tigges and Tigges, 1991; Mize et al., 1992; Bliimcke et al., 1994; Gutierrez and Cusick, 1994) and in VI of other species (Cellerino et al., 1992; Schmidt-Kastner et al., 1992) , there was the expectation that monocular deprivation would also produce changes in macaque VI. Our results show rapid changes in calbindin immunoreactivity that cross both compartmental and columnar borders, slower changes in parvalbumin immunoreactivity, and no change in calretinin immunoreactivity.
Some of these findings have been summarized as part of a previous review (Hendry and Carder, 1992) . Selected blocks were sectioned at 10 urn and processed by an immunofluorescence method that simultaneously localizes two or more antigens (see Hendry et al., 1989, for details). Sections were incubated in two primary antibodies including (1) an antibody to a calcium-binding protein and a rabbit antiserum (Sigma Chemical Co.) or a mouse monoclonal antibody (gift from Dr. C. Matute) to GABA; (2) a rabbit antiserum to calretinin and mouse monoclonal antibodies to calbindin or parvalbumin; (3) a rabbit antiserum to calbindin and a mouse monoclonal antibody to parvalbumin; (4) a combination of rabbit antisera to calbindin, calretinin, and parvalbumin and the mouse anti-GABA. The sections were then processed with speciesspecific antibodies conjugated to different fluorochromes (FTTC and Texas red), mounted onto slides, and viewed with a Nikon Optiphot equipped with appropriate filter cubes. In one series of experiments, tangential sections immunostained simultaneously for two antigens were alternated with sections stained for CO. The positions of the CO-rich puffs in normal monkeys and in normal-eye and deprivedeye columns of monocularly deprived monkeys were determined in low-magnification photomicrographs. Those regions were then identified in the immunofluorescently stained sections by comparing the positions of blood vessel profiles. Fluorescence photomicrographs were then taken to document the patterns of coexistence in puffs and interpuffs of normal and deprived monkeys.
For control experiments, primary antibodies were adsorbed with an excess of immunogen (e.g., anti-parvalbumin in 20-30 u. M parvalbumin) or with possible cross-reacting proteins (anti-parvalbumin with 100-200 UM calbindin, calretinin, and calmodulin). Anti-GABA antibodies were adsorbed with 30 U. M GABA-bovine serum albumin conjugate. In all experiments, specific immunostaining was eliminated after adsorption with immunogen, but was not obviously diminished by adsorption with other molecules.
Blocks from three monkeys (one normal, one deprived for 5 d, and one for 20 d) were cut on a Vibratome at 25 ujn and collected in buffer. Every third section was processed for CO histochemistry. Of the remaining pair, one section was processed by the immunoperoxidase method for calbindin immunoreactivity (using the rabbit antiserum from SWant) and the other for parvalbumin (monoclonal from SWant). After the DAB reaction was complete, the sections were washed in buffer and postfixed in 1% osmium tetroxide for 1 hr. They were then dehydrated and embedded in Spurr's resin. Before the resin was hardened, the sections were embedded between siliconcoated slides held together by clamps. After hardening, pieces of the immunostained sections were selected by reference to the COstained sections and were glued onto resin blanks. These were resectioned at 1 u.m on a Reichart Ultracut E ultramicrotome, heat mounted onto glass slides, and counterstained with toluidine blue. Circular regions 50 u-m in diameter were selected by reference to the adjacent CO-stained section; these regions included (1) the centers of CO-rich puffs; (2) the interpuff region equidistant from two puffs of different rows, thus including the region at the border of ocular dominance columns; (3) layer II; (4) layer IVC. The puffs, layer II, and layer IVC were selected from the normal macaque and from the centers of deprived-eye and normal-eye columns in the two monocularly deprived macaques. Using the physical disector principle, immunostained and toluidine blue-stained cells were counted by comparing a reference section and a look-up section separated from each other by 2 u.m (see Beaulieu et al., 1992) . From these data, the volume density of immunostained neurons and of the total neuronal population (toluidine blue-stained plus immunostained) were calculated and from them, the proportion of immunostained cells was determined. Comparisons between regions in the normal macaque with those in the deprived macaques were tested for statistical significance using two-tailed analysis of variance.
Results

Laminar Distribution
In VI of normal adult macaques, neurons immunoreactive for calbindin, calretinin, and parvalbumin were unevenly distributed across layers (Fig. 1) . Immunostaining for calbindin and calretinin was intense in layers I-in, in layer IVB, and the upper one-third of layer IVC (comprising most of layer rVCa), and in layer V (Fig. 1A,B) . Parvalbumin immunoreactive somata and processes formed a pattern complementary to that S. r' of calbindin and calretinin neurons, with intense immunostaining in layers in, IVA, IVCP, and VI ( Fig. 1Q .
Characterization of Neurons
Neurons intensely immunoreactive for calbindin, most neurons immunoreactive for calretinin (Tig. 2A, B) , and all neurons immunoreactive for parvalbumin also displayed GABA immunoreactivity. Neurons immunoreactive for each of these proteins were members of largely separate subpopulations of GABA neurons, as extremely few cells in layers I-IVC were immunoreactive for both calbindin and parvalbumin (Fig-3A,B) , and very few were immunoreactive for both calretinin and parvalbumin (Fig. 3C,D , 1989; DeFelipe et al., 1989a DeFelipe et al., , 1990 . In contrast, parvalbumin immunostaining is seen in axons that surround the somata and axon initial segments of pyramidal cells, indicating expression of that protein by basket and chandelier cells (see Hendry et al., 1989; DeFelipe et al., 1989b) . Some calretinin immunoreactive neurons closely resembled those immunostained for calbindin, including cells with radial bundles of processes ( Fig. 2O -In addition, a consistent population of calretinin immunostained processes formed basket-like formations around the somata of unstained pyramidal neurons (Fig. 2C,D) , similar to those seen in parvalbumin-immunostained material. These observations indicate that whereas calbindin and parvalbumin neurons made up separate morphological classes of GABA neurons, calretinin immunoreactivity overlapped with calbindin and parvalbumin in some morphological classes.
Compartmental Distribution in Layer III
Neurons immunoreactive for calbindin were unevenly distributed across layer III, forming an intense matrix that surrounded lightly immunostained circular regions (Fig. 4S) . Comparison with adjacent sections stained for CO (Fig. 44) showed the intensely immunostained matrix surrounded the regions of the CO-rich puffs. This patchy pattern was a feature of calbindin immunostaining only in layer in, as immunoreactive neurons in layer n and in infragranular layers were homogeneously distributed (see Hendry and Carder, 1993) . Parvalbumin immunostaining also appeared inhomogeneous at low magnification with relatively intense patches ( Fig. 4£> ) that correspond to the puffs (Fig. AC) , complementary to the calbindin matrix. Calretinin immunoreactive neurons in both layer n and layer in were homogeneously distributed (Fig. 4E,F) . Thus, interpuffs of layers II and III contained cells immunoreactive for each of the three calcium-binding proteins, whereas the puffs of layer m were regions in which calretinin and parvalbumin neurons were common but in which very few calbindin neurons were normally present.
Calcium-Binding Protein Regulation in Layer HI Puffs and Interpuffs
Although unevenly distributed across VI, calbindin neurons in normal macaques did not vary from one ocular dominance column to the next, but were as numerous in and around one row of puffs as they were in the adjacent rows (Fig. 4B) . Such a pattern of calbindin immunostaining in layer in persisted following monocular deprivation of 3 d, with puffs in layer III poorly stained and interpuffs intensely stained. With periods of deprivation extending to 5 d, however, calbindin immunostaining of somata and processes in interpuffs of both sets of columns was markedly reduced. At the same time, neurons intensely immunostained for calbindin were present in long stripe-like regions that lined up with rows of CO staining in adjacent sections. These data demonstrate calbindin immunostaining in regions corresponding to every puff, both in deprived-eye and in normal-eye columns (Fig. 5) .
With longer periods of deprivation (TTX injections that continued for 10 d or longer) calbindin immunostaining underwent a secondary, progressive reduction in the deprivedeye puffs ( Fig. 6 /4) so that after 30 d of monocular TTX injections, immunostaining in deprived-eye puffs occupied only their shrunken central core regions. Over the same period, immunostaining in the normal-eye puffs expanded to include the CO-rich bridge regions between neighboring puffs ( Fig.  6A,B) . AS a result, the pattern of calbindin immunostaining in layer in consisted of thin, intensely immunostained stripes at the centers of normal-eye columns, rows of shrunken patches at the centers of deprived-eye columns and wide, unstained stripes that incorporated the interpuffs of both sets of columns. Comparison of sections from normal macaques ( Fig. 7 ) processed simultaneously with those from monocularly deprived macaques ( Fig. 8) showed that the deprivation-induced pattern was more than a simple reduction in background (interpuffs) that served to reveal an otherwise weak foreground (puffs). In normal macaque VI, interpuffs contained many immunoreactive somata and a high density of immunoreactive processes, whereas puffs contained very few immunoreactive somata and a much lower density of immunoreactive pro- cesses (Fig. 74 ,0-Very different levels of neuronal immunoreactivity were observed in puffs of normal macaques and in puffs of TTX-injected macaques when all conditions other than visual manipulation were held constant. Most dramatic was the presence of numerous intensely immunostained somata, giving off long immunostained processes in both normal-eye and deprived-eye puffs (Fig. 8) .
The robust change in calbindin immunoreactivity of puff and interpuff neurons was apparent in analyses of the volume density and proportion of immunostained neurons (Table 1) .
In normal macaques, interpuffs contained 10,000 calbindin immunoreactive neurons/mm 3 , representing 8% of the total neuronal population. In the puffs, however, only 2500 neurons/mm 3 , accounting for a little over 2% of all neurons in this compartment, were calbindin immunoreactive. The ratio of calbindin neurons in interpuffs versus puffs was reversed in layer HI of monocularly deprived macaques. In those animals deprived for 5 d, calbindin neurons made up nearly 8% of the neuronal population in puffs of normal-eye columns and of deprived-eye columns, and less than 3.5% of the neu- Figure 5 . Calbindin immunostaining of layer III following 5 d of monocular deprivation. A, Calbindin immunostaining in layer III of this TTX-injected monkey is not in the form of a matrix, as it is in normal monkeys, but appears stripe-like, with elongated regions of intense immunostaining {arrowhead^ separated by wider regions of light immunostaining. B, CO staining is also present in the form of elongated stripes, with every other stripe displaying a somewhat greater intensity of staining than its neighbor. Comparison of the same blood vessel profiles in the two sections [mows] shows that calbindin and CO staining patterns are very similar, as the stripes of CO-rich puffs contain high densities of calbindin immunostained neurons and CO-poor interpuffs contain very few immunostained somata or puncta. Scale bar, 500 u.m.
rons in interpuffs. With longer periods of deprivation, two additional changes were evident, namely a reduction in the numerical density and proportion of calbindin immunoreactive neurons in deprived-eye puffs (4900 neurons/mm 3 ; 38% of total neuronal population) and a progressive reduction in the interpuffs (1900 neurons/mm 3 ; 1.5% of the total neuronal population).
Neither parvalbumin nor calretinin displayed the complex, robust changes in immunoreactivity seen for calbindin in layer in. At high magnification, the normal pattern of immunostaining for parvalbumin was seen as a high density of puncta and fibers in puffs superimposed upon a homogeneous distribution of immunostained somata across puffs and interpuffs (Fig. 9 ). This pattern of immunostaining in layer III changed only subtly after monocular deprivation, principally in the deprived-eye puffs, which were reduced in size and staining intensity similar to that seen with CO histochemistry ( Fig. 6B ; see Wong-Riley and Carroll, 1984; Hevner and WongRiley, 1990; Trusk et al., 1990) . Figure 9 documents that such changes involved a reduction in immunostained puncta at the periphery of the puffs; the central core regions continued to display a high density of immunostained somata and puncta. Quantitative analyses confirmed that no significant reduction in cell body immunostaining occurred in or around the deprived-eye puffs (Table 1 ). In addition, no changes in calretinin immunostaining were evident in layer HI following any period of deprivation used in this study.
The distinct neurochemical features of layer ID neurons immunoreactive for the three calcium-binding proteins persisted in VI of monoculariy deprived macaques. As in normal macaques, all layer in neurons intensely immunostained for calbindin were also GABA immunoreactive (Fig. 10A,E) , none was parvalbumin immunoreactive (Fig. 1OC,ZJ ) and very few were calretinin immunoreactive (Fig. 10E,F) . Specifically, the neuronal population in the puffs that displayed novel calbindin immunoreactivity was identical to that population normally occupying the interpuffs, with immunostained somata that were small and GABA immunoreactive but not parvalbumin or calretinin immunoreactive. Neurons immunoreactive for the other two calcium-binding proteins were, as in normal macaques, GABA immunoreactive. Unlike GABA neurons in layer HI of normal macaques, however, an abnormally high concentration of those in short-term (5-10 d) deprived macaques appeared to express no calcium-binding protein immunoreactivity. Conversely, with longer periods of deprivation, a significant number of neurons in layer III were immunostained for calretinin or parvalbumin but not for GABA. Our material was not prepared for the type of quantification that would permit an unbiased estimate of the abnormal cells' number, yet the strong impression was that GABA neurons with no calcium-binding protein immunoreactivity and, most clearly, calcium-binding protein cells with no GABA immunoreactivity were several times more numerous in deprived macaques than in normal macaques.
Calbindin Regulation Outside Layer III
Changes in calbindin immunostaining differed between layer III and the remainder of macaque VI. These differences were seen even in comparing supragranular layers, as changes in calbindin immunostaining of layer II neurons were restricted to deprived-eye columns and included the entire width of the column. In layer II of macaques deprived for 5 d or longer calbindin immunostaining consisted of intensely immunostained stripes, 350-450 fim wide, alternating with weakly immunostained stripes of the same width (Fig. 1L4 -O-The weakly immunostained stripes corresponded to deprived-eye stripes, lightly stained for CO. Comparison of bright-field (Fig.  11B,C) and dark-field images (Fig. 1M) showed that the weak With a prolonged period of deprivation, the CO-rich puffs in one set of stripes (those at the centers of normal-eye dominance columns) tend to fuse while those in the alternating stripes (deprived-eye) shrink and become paler than normal (B). As a result layer III contains alternating intensely stained (normal-eye puffs) and weakly stained stripes (deprived-eye puffs), separated by stripes that are unstained (normal-and deprived-eye interpuffs). The same pattern is seen for calbindin immunoreactivity as the stripes at the center of normal-eye columns are elongated and intensely immunostained,. while those at the center of deprived-eye columns are poorly immunostained [A). Arrows indicate the same regions in each section. Scale bar, 2 mm.
calbindin immunostaining in deprived-eye stripes arose from a reduction in the density of processes and puncta. As in layer in, the layer n neurons affected by the reduction in visual input were GABA immunoreactive but neither calretinin nor parvalbumin immunoreactive.
Calbindin immunoreactivity in layer IVC was also reduced through the full width of the deprived-eye stripes but, in addition, the zone of reduced immunostaining included the adjacent 100-150 u.m of the normal-eye stripes (Fig. 124) . These changes were most evident in layer IVCa but were also clear in layer IVCP, where even the few calbindin cells normally present displayed reduced immunostaining. Immunostaining in the centers of normal-eye columns, darkly stained for CO, remained intense. As a result, tangential sections through layer IVC appeared as thin stripes (150-200 ftm wide) of relatively intense immunostaining alternating with wide stripes (600-700 (Jim wide) of light immunostaining (Fig. 1 ID,E) . This reduction in calbindin immunostaining occurred between 3 and 5 d of the onset of monocular deprivation and remained for the longest periods examined (60 d). Unlike the neurons in layers II and in, most calbindin cells in layer IVC affected by monocular deprivation were members of the lightly immunostained population that does not exhibit GABA immunoreactivity.
Changes in calbindin immunostaining of layers IVA and IVB (Fig. 12A) and in layers V and VI were similar to those seen in layer IVC and included a noticeable reduction in the intensity of immunoreactive somata and processes in wide stripes, leaving normal immunostaining only in thin stripes at the centers of normal-eye (CO-rich) columns.
Regulation of Parvalbumin Outside Layer III
Over the time course of 5-60 d, parvalbumin immunostaining was reduced in layers IVCa and rVCfS of deprived-eye columns, as alternating intensely and lightly immunostained stripes (Fig. 12(7) were present and corresponded to the positions of intensely and lighdy CO-stained stripes (Fig. 126) . The early reduction in immunostaining was due to a appreciable loss of immunostained puncta in the deprived-eye columns with no apparent change in immunostained somata (Table 1). However, with periods of deprivation of 20, 30, or 60 d, parvalbumin immunostaining of somata was also reduced in deprived-eye columns so that fewer somata were immunostained (Table 1) . Quantitative analyses demonstrated the loss to be a modest but significant one, producing a volume density and proportion of parvalbumin neurons in deprivedeye columns 80% that of normal-eye columns and of normal VI. In both the early and late periods of deprivation, the alternating intensely immunostained and lightly immunostained stripes were of equal -width, matching precisely the width of the CO-stained stripes. Stripes of alternating intense and light parvalbumin immunostaining could be traced from layer IVC into layers IVA and IVB (Fig. 12C) . The lightly immunostained stripes, corresponding to CO-poor deprived-eye stripes, contained reduced densities of immunoreactive processes with shorter periods of deprivation (5-17 d) and reduced densities of somata and processes with longer periods (20, 30, or 60 d). Changes in parvalbumin immunostaining of layers V and VI were more subtle but with relatively longer periods of deprivations reduction in the density of immunostained somata and processes occurred in the deprived-eye stripes.
No change in calretinin immunostaining was detected after any period of the deprivation examined in this study.
Discussion
By use of three calcium-binding proteins, which together label the total GABA population, results of the present study indicate that GABA neurons in all layers and compartments of VI as well as both sets of ocular dominance columns are affected by monocular deprivation. Two generalizations emerge from comparisons of immunoreactivity for the three proteins: (1) position is important; that is, GABA neurons immunoreactive for the same calcium-binding protein are regulated differently across layers and compartments; and (2) properties intrinsic to the neuron are important. Thus, GABA neurons immunoreactive for different calcium-binding proteins are regulated differently within a given layer or compartment. These factors are discussed, below, for monoculariy and binocularly driven populations of cortical neurons.
Regulation of GABA Populations
Many of the present findings can be related to the convergence of inputs from the two eyes. As the first site in the visual pathway for the fusion of images falling upon the retinae, VI contains neuronal subpopulations in which response to stimulation of each eye differs (Hubel and Wiesel, 1968; (4) and CO staining (6) in adjacent sections through layer III. C, High magnification photomicrograph of part of the section shown in A, with the same blood vessel profiles in all three micrographs indicated by arrows. The central region in C, corresponding to the position of two puffs, contains few immunostained somata and a low density of immunostained processes. In contrast, the regions of the surrounding interpuffs contain a high density of immunostained somata and processes. Scale ban 500 n.m for A and B, 150 (j.m for C. Poggio and Fischer, 1977) . Axons from the dorsal lateral geniculate nucleus terminate predominantly in layer IVC, where the afferents segregate into alternating stripes, one set driven by the right eye, the other driven by the left (Wiesel et al., 1974; LeVay et al., 1975; Hubel et al., 1977) . Thus, in layer IVC cells are predominantly monocular (Hubel et al., 1968) . As visual information is relayed radially to layers above and below IVC, approximately half of the cells acquire binocular properties, although one eye is usually more effective than the other (Hubel and Wiesel, 1968; Poggio and Fischer, 1977) . Cells at the center of an ocular dominance column are strongly dominated by the eye corresponding to that column (dominant eye), •while cells closer to a columnar border are more equally influenced by the two eyes (Hubel and Wiesel, 1977; Livingstone and Hubel, 1984a) . The observed changes in calcium-binding protein immunoreactivity indicate an influence from the deprived eye in both sets of columns: changes in the deprived-eye columns reflect the influence of the dominant eye, whereas changes in normal-eye columns indicate an influence of the nondominant eye. Thus, the downregulation of protein immunoreactivity in regions dominated by the deprived eye is consistent with the influence exerted by the dominant eye on neuronal physiology, while the observed changes in binocularly driven regions are consistent with the converging inputs from the dominant and nondominant eye. It is the changes in neurons dominated by the normal eye (i.e., neurons of normal-eye puffs) that present the greatest interpretive challenge, leading to the suggestion that both eyes are capable of influencing neurons with classical receptive fields that appear to be monocular.
GABA neurons of macaque VI respond to a loss of visual drive in adulthood by displaying reduced levels of immunoreactivity for GABA and GAD (Hendry and Jones, 1986,1988) . These changes are evident in several layers and compartments and are usually most robust within layer IVC, where changes are confined to deprived-eye columns. Consistent with these data are changes in parvalbumin immunoreactivity limited to the deprived-eye column, suggesting that GABA neurons in layer IVC are influenced primarily by the dominant eye. As seen in previous studies, however, some changes involve only part of the ocular dominance column. Specifically, changes in glutamate neuropil immunostaining were found only at the centers of the deprived-eye column (Carder and Hendry, 1994) , indicating that the flanks and centers of ocular dominance columns differ in their response to monocular deprivation. Changes in calbindin immunostaining also demonstrate that flanks of the ocular dominance column differ from the centers, as loss of immunostaining extends across the full width of deprived-eye columns and into the bordering region of normal-eye columns. Comparison of deprivation-induced changes in a variety of molecules suggests then that nondominant eye inputs, most likely arising from collaterals of spiny stellate cells in the adjacent column (Katz et al., 1989) , exert little influence on immunostaining in one case (GABA/parvalbumin), are a source of continued immunoreactivity in a second (glutamate), and extend the influence of monocular deprivation into normal-eye columns in a third (calbindin).
The CO-rich puffs of layers n and III are located at the centers of the ocular dominance columns and contain neurons that are predominantly monocular, whereas neurons of the surrounding interpuffs are binocular (Livingstone and Hubel, 1984a; Ts'o and Gilbert, 1988) . From these properties, monocular deprivation would be expected to produce neurochemical changes limited to puffs at the center of deprivedeye columns but to extend into interpuffs of both columns.
Results of this and previous studies (Hendry and Jones, 1988; Hendry et al., 1988; Carder and Hendry, 1994) are consistent, then, in showing that changes occur in the immunoreactivity of interpuff neurons in both sets of columns. The early reduction in calbindin immunoreactivity extends throughout the entire interpuff with comparable reductions in both sets of columns, suggesting that the dominant and nondominant eye can be equally effective in influencing neurons in macaque VI (see Blasdel, 1992) including this chemically distinct GABA subpopulation. What is more difficult to interpret is the early, novel induction of immunoreactivity for calbindin in neurons of both normal-eye and deprived-eye puffs. These data suggest that at least some subpopulations of GABA neurons in the puffs are influenced by both the dominant and nondominant eyes. Whether other neuronal classes in the puffs are similarly influenced remains unclear.
With longer periods of deprivation a series of changes occurs in several molecules, each of which is complementary for the two sets of ocular dominance columns. Such complementary effects include late changes in calbindin immunostaining of layer III puffs, changes in GABA (Hendry and Jones, 1986; 1988), tachykinin (Hendry et al., 1988) , and glutamate (Carder and Hendry, 1994) immunoreactivity and CO histochemistry (Wong-Riley and Carroll, 1984; Trusk et al., 1990) . For each of these molecules, regions of intense staining shrink in rows of deprived-eye puffs and expand in rows of normaleye puffs. These secondary changes, particularly the expansion of neurochemical properties into the regions that form bridges between puffs (interpuffs) may arise from a shift in the synaptic strength of intracortical inputs, including local interconnections between neurons of the same column, diffuse connections from the adjacent columns and long-distance, patchy connections that span columns (Livingstone and Hubel, 1984a,b; Amir et al., 1993) .
Neurons of the same layer or compartment that contain different calcium-binding proteins exhibit unique responses to deprivation. These difference could arise from variations in the inputs onto different GABA subpopulations or to the response by these subpopulations to the same input. That GABA neurons expressing different calcium-binding proteins are often members of different morphological classes, with characteristic patterns of dendritic arborization that determine the region from which a given neuron can sample might be seen to support a role for inputs as the principal factor in regulating neurochemical properties. Yet calretinin immunoreactivity overlaps with calbindin and parvalbumin in some morphological classes, indicating that neurons in the same layer and compartment and of the same class, thus possessing very similar dendritic fields, differ markedly in their response to monocular deprivation. Such a difference is particularly apparent for double bouquet neurons, as those immunoreactive for calbindin in layer m display rapid and dramatic reductions in immunoreactivity while those immunoreactive for calretinin display no changes. While these findings do not rule out the possibility that neurochemically distinct GABA populations differ in their inputs, the lack of change in any calretinin immunoreactive neuron suggests that differences intrinsic to the proteins and to the neurons that contain them also contribute to the unique responses seen for each calcium-binding protein.
The clearest difference in the regulation of the three neurochemically distinct populations of GABA neurons was the rate of change in calcium-binding protein immunoreactivity, ranging from rapid with calbindin, delayed with parvalbumin, and absent with up to 60 d of deprivation with calretinin. These findings do not indicate a general lack of sensitivity to monocular deprivation by the parvalbumin and calretinin populations, since over the same time course as the change in calbindin immunostaining GABA immunoreactivity is lost from at least some parvalbumin and calretinin neurons. It appears from these observations that calcium-binding protein regulation depends on the specific regulatory mechanisms of the individual protein. Such variations in regulatory mechanisms are consistent with biochemical differences, particularly in EF-hand structural motif that have been documented for calbindin, calretinin, and parvalbumin (Berchtold et al., 1987; Rogers, 1987; Thomasset et al., 1987; Berchtold, 1889) , and differences in intron distribution and in promoter regions of genes encoding these proteins (Berchtold, 1989; Heizmann and Schafer, 1990; Parmentier, 1990 ). These differences suggest that even if all GABA neurons were influenced equally by monocular deprivation, the response by each of the three calcium-binding proteins would differ. Furthermore, the variability that GABA neurons exhibit in regulating GABA and the three calcium-binding proteins suggests that two molecules present in the same neuron can be regulated differently. Thus, even though each of the three calcium-binding proteins coexists with GABA (Hendry et al., 1989; Van Brederode et al., 1990, present work) , individual neurons exhibit changes in immunoreactivity for one antigen but not the other, indicating that even within an individual cell the response to monocular deprivation depends on each protein examined and its specific regulatory mechanisms.
Calcium-binding proteins mark interdigitating cell groups throughout the CNS (Andressen et al., 1993) , including sensory systems of the mammalian brain, where calbindin and parvalbumin are differentially expressed in the layers and compartments of the visual (Celio et al., 1986; Van Brederode et al., 1990; Hendry and Carder, 1993; present study), somatosensory (Rausell and Jones, 1991a,b) and auditory pathways (Hashikawa et al., 1991) . In simpler systems, calcium-binding proteins are localized in broad groups of cells that perform similar functions, as, for example, calbindin expression in structures requiring a precise timing of signals (Maler et al., 1984; Takahashi et al., 1987) Such precision in temporal and spatial properties is required in the primate visual system for stereopsis (Burr and Ross, 1979) , which led Allman and Zucker (1990) to suggest that calbindin expression in neurons of the interpuffs could be related to precise spatial-temporal binocular processing in these regions. Calbindin immunoreactivity is certainly correlated with the functional properties of interpuffs neurons in normal macaques, but the same cannot be said for the pattern in monocularly deprived macaques. There, the reversal in calbindin immunostaining from the normal pattern indicates either that functional properties of puff and interpuff neurons driven by a normal eye are altered by deprivation of the other eye or that normal function persists irrespective of which neurons express calbindin and which do not. For any GABA neuron, then, it is undoubtedly not one specific attribute such as calcium-binding protein that deter : Figure 9 . Pattern of parvalbumin immunostaining in layer III of a normal and monocularly deprived macaque. A and B, Comparison of immunostaining {A) and CO staining (6) in adjacent sections through layer III of a normal macaque. The region corresponding to the position of a puff, contains a high density of immunostained somata and processes. In contrast the regions of the surrounding interpuffs contain a similar density of immunostained somata but fewer processes. C and D, Parvalbumin immunostaining (Q and CO staining (0) in adjacent sections through layer III of a macaque monocularly deprived for 15 d. Comparison of patterns in the two sections shows that patches of intense immunostaining correspond precisely to patches of intense CO staining. Both immunostaining and CO staining in normal-eye rows of puffs are greater than in deprived-eye rows of puffs. The central core regions of the deprived-eye puffs continue to display a high density of immunostained somata and puncta. In the normal-eye column, the high density of immunostained puncta normally present in the puffs has expanded into the bridges between puffs. Arrowheads indicate the positions of the same blood vessel profiles in each pair of micrographs. Scale bar, 300 p.m.
mines functional properties but a collection of attributes, some of which are correlated with calcium-binding protein expression. Such properties include physiological characteristics, such as action potential shape (Kawaguchi and Kubota, 1993) and the expression of synaptic proteins, including Ca + channel subtypes and GABA A receptor subunits (Celio, 1990; Hillman et al., 1991; Hendry et al., 1994) .
The induction of calbindin immunoreactivity in neurons of deprived-eye puffs of VI is similar to the reported upregulation of calbindin in deafferented principal layers of macaque LGN following monocular enucleation (Gutierrez and Cusick, 1994) . Upregulation in calbindin immunoreactivity also occurs in small neurons of the macaque ventroposterolateral nucleus (VPL) in response to long-standing dorsal rhizotomies (Rausell et al., 1992) . Because rhizotomy would appear to eliminate somatosensory input to the affected region of VPL, the results might seem consistent with the changes observed in deprived-eye puffs or deafferented LGN: loss of afferent activity induces calbindin immunoreactivity. Yet the changes in VPL have been interpreted as an upregulation of calbindin due to increased activity of neurons in this nucleus (Rausell et al., 1992) . These data contrast with studies of hippocampal neurons, in which intense seizure activity produces a reduction in calbindin immunoreactivity (Baimbridge and Miller, 1984) . Thus, comparison of calbindin regulation across regions of the CNS reaffirms a conclusion drawn above for macaque VI: whether calbindin immunoreactivity changes and how it changes is an imprecise indicator, at best, of changes in neuronal activity. Comparison of parvalbumin and calretinin immunoreactivity adds further weight to this conclusion and demonstrates that the absence of regulation in one population of neurons (e.g., calretinin in macaque VI) is no indication a particular protein is insensitive to changes in activity in other neurons (Arai et al., 1993) .
The robust changes in calbindin immunoreactivity we observed in macaque VI and those reported for macaque LGN (Gutierrez and Cusick, 1994) were not seen in previous studies of VI (Bliimcke et al., 1994) and LGN (Mize et al., 1992) . The differences observed in the macaque LGN were most likely functions of the type of visual deprivation used, the age of deprivation onset, and the time of postdeprivation survival. Thus, it appears that long periods of deafferentation, produced by enucleation of one eye in adult macaques is a manipulation that produces increased calbindin immunostaining in the denervated LGN neurons, whereas occlusion of one eye, manipulations done early in development, or short periods of postenucleation survival produce either no change or a reduction in calbindin immunoreactivity of retinogeniculate axons in macaques (Mize et al., 1992) . So far as the difference between the present study and that of a previous study of monocularly deprived macaque VI (Bliimcke et al., 1994) is concerned, it is a difference in the normal pattern of immunostaining in layer III that appears to be fundamental. We observe extremely dense immunostaining of interpuffs in normal macaques and a marked change in deprived ones, whereas Bliimcke and his colleagues (1994) reported extremely few immunostained neurons in either puffs or interpuffs in layer m of normal monkeys, thereby making very difficult the detection of a change in that pattern.
Functional Significance
Whereas changes in protein expression indicate a neuron has been affected by a sensory manipulation, the impact of these changes upon the neuron's functional status remains unclear. For expression of calcium-binding protein, much of the emphasis has largely centered on the role these proteins play as intraneuronal calcium buffers (Baimbridge et al., 1982; Celio, 1990; Kohr et al., 1991; Mattson et al., 1991; Lledo et al., 1992; Williams, 1992; Andressen et al., 1993) . Both calbindin and parvalbumin can modulate increases in intracellular calcium concentrations produced by brief depolarizations, although neither has the ability to alter basal calcium concentrations (Chard et al., 1993) . Their calcium-buffering properties appear to differ, as indicated by their distinct effect on the time course of the rate of rise and decay of the calcium signal. Because of differences in the kinetics of calcium binding (Bredderman and Wasserman, 1974; Gillis et al., 1982; Hou et al., 1991) it is reasonable to expect that calbindin and par- Fig. 7) . Alternating darkly stained and lightly stained stripes of equal width are present in the CO-stained section (5). In contrast calbindin immunostaining (-4) is made up of thin, intensely stained stripes and wide, relatively weakly stained stripes. Comparison of the same regions in the two sections (arrows) shows that the thin calbindin stripes occupy the centers of the darkly CO-stained stripes. Parvalbumin immunostaining (C) consists of alternating intensely and weakly stained stripes of equal width that line up precisely with intensely and weakly stained CO stripes. Scale bar, 2 mm.
valbumin also uniquely affect calcium dependent processes such as regulation of synaptic transmission.
Recent evidence has suggested that calcium buffering is only one of the functions attributed to calcium-binding proteins. Soluble binding proteins that form complexes with calcium often undergo structural modifications, such as exposure of a hydrophobic site, thereby acquiring the ability to process the incoming calcium signal by interacting with regulatory enzymes (see Carafoli, 1987) . Other cytoplasmic calcium-binding proteins have been found to participate in the activation of protein kinases, and through subsequent phosphorylation, to regulate a variety of cellular processes (for review see Klee et al., 1980) . Each of the three calcium-binding proteins may have nonbuffering roles, including activation of enzymes (Norman and Leathers, 1982; Permyakov et al., 1982; Glew and Coffee, 1984; Kuo et al., 1986; Morgan et al., 1986; Yamaguchi et al., 1991; Reisner et al., 1992) . These differences would certainly contribute to the unique physiological responses of the neuronal populations which contain them.
Because calcium controls a variety of cellular processes with a high degree of spatial and temporal precision, it is tempting to speculate that changes in the calcium-binding proteins might be directly related to physiological plasticity previously documented in the adult. Functional plasticity in eye dominance (LeVay et al., 1980; Shulz and Fregnac, 1992) , visual field organization (Kaas et al., 1990; Heinen and Skavenski, 1991; Chino et al., 1992; Gilbert and Wiesel, 1992) , receptive field properties (Fregnac et al., 1988; Gilbert and Wiesel, 1990; Fregnac et al., 1992; Pettet and Gilbert, 1992) and long-term synaptic efficacy (Artola and Singer, 1987; Artola et al., 1990; Hirsch and Gilbert, 1993 ) of adult animals is most often viewed as a change in the strength of intracortical connections, particularly where one eye's output influences properties of neurons normally dominated by the other eye. The changes include reductions in the efficacy of some synapses and increases in the efficacy of others. The best characterized of these changes in synaptic efficacy are long-term potentiation and long-term depression, both of which are apparently determined by the amount of calcium ions that enters the postsynaptic neuron (Dudek and Bear, 1992; Mulkey and Malenka, 1992) . Given the ability of calcium-binding proteins to alter calcium influx, alteration in levels of calcium-binding proteins might, in turn, be expected to influence synaptic efficacy (Bear, 1991; Gold and Bear, 1994 
